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Field of the Invention 



[0001] The present invention relates, in general, to 
semiconductor manufacturing equipment and processes and, 
5 more particularly, to an apparatus and method of exposing 
a light source to a semiconductor device having a curved 
surface . 

Background of the Invention 

10 

[0002] Semiconductor devices are commonly used in many- 
types of electronic products. The manufacturing of a 
semiconductor device typically involves growing a 
cylindrical-shaped silicon (or other base semiconductive 
15 material) ingot. The ingot is sliced into circular flat 
wafers. Through a number of thermal, chemical, and 
physical processes, including diffusion, oxidation, 
epitaxial growth, ion implantation, deposition, etching, 
sputtering, polishing, and cleaning, active semiconductor 

surfaces of the wafer. The wafer is cut into individual . 
rectangular semiconductor die which are then mounted and 
attached to a leadframe, encapsulated, and packaged as 
discrete or integrated circuits. The packaged discrete 
25 and integrated circuits are mounted to a printed circuit 
board and interconnected to perform the desired 
electrical function. 

[0003] Another type of semiconductor device, known as 
a spherical-shaped semiconductor device or ball, has 
30 emerged in the industry to offer a number of advantages 
over flat semiconductor wafers and rectangular 
semiconductor die. The manufacture of the semiconductor 
ball is disclosed in U.S. Patent 5,955,776. The 
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semiconductor ball is manufactured using less complex and 
less expensive equipment as compared to wafer-type 
semiconductor manufacturing. The physical 
characteristics of the semiconductor ball provides for 
5 easy transport through pipes and tubes filled with a 
gaseous or fluid medium, which reduces the need for 
expensive, large scale, open clean rooms. The enclosed 
transport reduces the potential for exposure to 
contaminants, which reduces defects and increases the 

10 production yield. 

[0004] A typical semiconductor ball has a diameter of 
1.0 millimeters (mm) or less and may contain active 
semiconductor devices and passive devices over virtually 
its entire surface area. The spherical shape increases 

15 both the useable area of the semiconductor device and the 
device integration density for a given footprint. The 
semiconductor ball may interconnect to a printed circuit 
board, or to other semiconductor balls, at any location 
on its surface thereby reducing, simplifying, and adding 

20 flexibility to the interconnect layout. The flexible 

interconnect allows for three dimensional clustering of 
the semiconductor balls each having multiple active 
layers and multiple metal layers in any direction. The 
spherical shape of the semiconductor ball provides 

25 structural strength and integrity such that conventional 
assembly and packaging become unnecessary in some 
applications . 

[0005] The semiconductor ball undergoes a variety of 
conventional thermal, chemical, and physical processing 
30 steps during manufacture. Several of the processing 
steps involve exposure of the semiconductor ball to a 
light source. For example, an etching process to 
selectively remove semiconductor material involves 
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application of a photoresist material to a surface area. 
A mask is positioned above the surface area and exposed 
to a light source. The pattern in the mask either blocks 
the light or allows it to pass to the semiconductor 
5 surface area. Accordingly, portions of the surface area 
of the semiconductor ball are exposed to the light 
according to the mask pattern. The photoresist on those 
portions of the surface area that are exposed to light is 
polymerized. The photoresist on those portions of the 

10 surface area that are not exposed to light is not 

polymerized. The mask is removed and the photoresist is 
developed to remove the non-polymerized photoresist. A 
solution of nitric and hydrofluoric (HF) acid is applied 
the surface area to etch away the material which had been 

15 under the non-polymerized photoresist. The polymerized 
photoresist and the underlying material remain. The 
photoresist etch process may also be configured to 
operate in the opposite mode. 

[0006] For conventional semiconductor wafers, the 
20 light exposure incident to its flat surface is relatively 
uniform and even. On the other hand, the exposure of 
light to a curved surface such as found on a spherical 
semiconductor ball presents a number of challenges to the 
manufacturing process. In general, it is impractical to 
25 cover the entire surface of the semiconductor ball with 

one mask pattern. Moreover, it is difficult to focus the 
light uniformly over a significant portion of the curved 
surface of a spherical body. If the focus of the light 
source is directed to one focal point on the curved 
30 surface, then the rest of the pattern image diminishes, 

blurs, or distorts on the curved surface moving away from 
the focal point. The exposure of light to a curved 
surface results in a non-uniform distribution of the 
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light and non-uniform focus and clarity of the projected 
image radially from the focal point. In addition, the 
light incident to the focal point on the curved surface 
normal to the direction of the light path will have a 
5 stronger intensity than a second point on the curved 
surface some distance from the focal point. The light 
striking the second point will have an angle of incidence 

o 

less than 90 and consequently a lower intensity. In the 
etching process, the photoresist on the surface area 
10 exposed to a lower intensity light will develop at a 

different rate than the photoresist on the surface area 
exposed to a higher intensity light. 

[0007] For example, as shown in prior art FIG . 1, a 
light from light source 10 is incident to mask 12. Mask 

15 12 projects a pattern or image by the transmitted and 
non-transmitted portions of the light through mask 12, 
which is then focused by lens 14 to a focal point 16 on 
the surface of semiconductor ball 18. The spherical 
shape of semiconductor ball 18 causes the pattern to blur 

20 or distort and become larger in the radial direction from 
focal point 16. Circle 20 represents the surface area of 
semiconductor ball 18, centered about focal point 16, 
where the mask pattern image is relatively sharp and 
clear without appreciable distortion or degradation. 

25 Area 22 represents the portion of the surface area of 
semiconductor ball 18 where the mask pattern image is 
appreciably distorted or degraded, given that the light 
is focused at focal point 16. 

[0008] Assume a distance rl from focal point 16 to the 
30 outer perimeter of circle 20 and a distance r2 from focal 
point 16 to the edge of the plane defined by lines 24. 
The distance dl represents the difference between the 
light path from lens 14 to focal point 16 and the light 
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path from lens 14 to a point at rl. The distance d2 
represents the difference between the light path from 
lens 14 to focal point 16 and the light path from lens 14 
to a point at r2. The ratio d2:dl becomes large as the 
5 ratio r2:rl increases due to the curvature of the surface 
of semiconductor ball 18. The distortion of the light 
exposure for surface areas of semiconductor ball 18 less 
than distance dl is considered within acceptable limits. 
The distortion of light exposure for surface area of 
10 semiconductor ball 18 greater than distance dl, i.e. area 
22, is outside the acceptable limits. 

[0009] The distortion of light exposure within area 22 
of FIG. 1 reduces the accuracy of the mask pattern image 
and could result in defects in the devices formed on 

15 semiconductor ball 18 in that area. The lack of 

resolution in the light exposure also makes it difficult 
to design high quality, high density circuits over 
continuous areas with the requisite precision in focal 
quality of the light exposure. As the integration 

20 density increases and the mask patterns become more 

elaborate, it is difficult to form minute circuits on the 
curved surface of semiconductor ball 18 near the edges of 
circle 20. Another problem is found in forming 
continuous circuits such as integrated inductors and 

25 coils. The joints between adjacent exposable circles 

like 20 do not match well which increases the resistance 
at the joints and degrades the intended function. 
[00010] One solution is to reduce the pattern size 
relative to the surface area of semiconductor ball 18 and 

30 thereby reduce the distortion effects. Semiconductor 

ball 18 is divided into a number of plane surfaces, each 
with a center focal point. Line 24 in FIG. 1 defines one 
such plane centered at focal point 16. Each plane 
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surface is made small enough to provide a distortion-free 
mask pattern image, or at least one with acceptable 
distortion, over the majority of its surface area. 
However, such a solution requires more total exposures to 
5 cover the required surface area and possible re-alignment 
of semiconductor ball 18 for each exposure, adding the 
manufacturing processing time. 

[00011] A need exists for an optical exposure system 
that allows light to be uniformly exposed across the 
10 surface area of a curved object. 

Brief Description of the Drawings 

[00012] FIG. 1 is a semiconductor light exposure system 
15 as found in the prior art; 

FIG . 2 is a semiconductor manufacturing system 
for exposing light on the semiconductor ball; 

FIG. 3 illustrates further detail of the 
semiconductor manufacturing system of FIG. 2; 
20 FIGs. 4a-4b illustrate exposures of multiple * 

surface areas of the semiconductor ball; 

FIGs. 5a-5b illustrate options for various 
shapes of the active exposure contour on the 
semiconductor ball; 
25 FIGs. 6a-6b illustrate further detail of the 

active exposure contours on the semiconductor ball; and 

FIG. 7 is an alternate embodiment of the 
semiconductor manufacturing system. 

30 Detailed Description of the Drawings 

[00013] A semiconductor manufacturing system or station 
50 is shown in FIG. 2 for exposing light on a spherical 
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semiconductor device or ball 52, or other spherical 
shaped object, or object having a curved surface. 
Semiconductor ball 52 may contain active semiconductor 
devices, such as transistors and diodes, and passive 
5 devices, such as resistors and capacitors, over any part 
or substantially all of its surface area. The 
manufacture of semiconductor ball 52 is disclosed in U.S. 
Patent 5,955,776 and incorporated herein by reference. 
Semiconductor ball 52 has the ability to interconnect to 

10 a printed circuit board, or to other semiconductor balls, 
at virtually any location on its surface, which reduces 
and simplifies the interconnect layout. The flexible 
interconnect allows for three dimensional clustering of 
the semiconductor balls each having multiple active 

15 layers and multiple metal layers in any direction. The 
spherical shape of semiconductor ball 52 provides a 
structural strength and integrity such that conventional 
assembly and packaging become unnecessary in some 
applications . 

20 [00014] Semiconductor ball 52 undergoes a variety of 
thermal, chemical, and physical processes, including 
diffusion, oxidation, epitaxial growth, ion implantation, 
deposition, etching, sputtering, polishing, and cleaning, 
during manufacturing to form the active semiconductor 

25 devices and passive devices on its surface. Several of 
the manufacturing process steps involve exposure of 
semiconductor ball 52 to a light source. One such 
manufacturing step is an etching process wherein a 
photoresist layer is applied to a portion of the surface 

30 of semiconductor ball 52. Certain areas of the 

photoresist layer are exposed to a light source, while 
other areas of the photoresist layer are not exposed to 
the light source, as determined by a mask filter. The 
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photoresist material that is exposed to the light source 
is polymerized. After developing the photoresist 
material to remove the non-polymerized photoresist, a 
solution of nitric and HF acid is applied to remove the 
5 material which had been underlying the non-polymerized 
photoresist. The polymerized photoresist and underlying 
material remain. 

[00015] Semiconductor manufacturing station 50 
represents semiconductor-manufacturing equipment capable 

10 of emitting light on semiconductor ball 52 for the above- 
described manufacturing process and other semiconductor 
manufacturing steps requiring an exposure to a light 
source. A light source 54 generates a light from a high- 
pressure mercury lamp. The light from light source 54 is 

15 incident to mask pattern generator 56. Computer 58 

stores the desired mask pattern or image that is to be 
exposed on semiconductor ball 52. The mask pattern 
defines those areas on the surface of semiconductor ball 
52 which are to be exposed to light and those areas, 

20 which are not to be exposed to light. The mask pattern 
can have many sizes, shapes, patterns, and details - 
depending on the desired devices to* be formed and 
disposed on the surface of semiconductor ball 52. 
[00016] Mask pattern controller 60 receives commands 

25 from computer 58 according to the desired mask pattern. 
Mask pattern generator 56, which can be implemented as a 
digital mirror device (DMD) , receives control signals 
from computer 58 to program the mask pattern. Further 
description of mask pattern generator 56 is disclosed in 

30 U.S. Patent 6,251,550 and incorporated herein by 
reference. In the present example, mask pattern 
generator 56 includes a matrix of 600x600 individually 
controlled mirrors, each approximately 10 mm x 10 mm. 
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Mask pattern controller 60 converts to the desired mask 
pattern received from computer 58 to a series of control 
signals sent to each mirror of mask pattern generator 56 
to individually program its angle and orientation. Thus, 
5 certain mirrors of mask pattern generator 56 are tilted 
to transmit light to lens 62 for those areas, which are 
intended to be exposed to light according to the mask 
pattern. The light image from mask pattern generator 56 
passes through lens 62, which focuses the light image on 

10 the surface of semiconductor ball 52 centered at focal 
point 66. In an alternate embodiment, a transmission- 
type liquid crystal display may be used to emit or 
transmit light according to the desired mask pattern. 
[00017] Computer 58 is capable of storing multiple mask 

15 patterns. Mask pattern controller 60 can readily re- 
configure mask pattern generator 56 according to the 
desired mask pattern. 

[00018] Semiconductor ball 52 is attached to shaft or 
armature 68 by a suction cup or other attachment 

20 mechanism. Shaft 68 is connected to rotational motor 72. 
Computer 58 provides control signals to rotational motor 
72 that generates rotational torque along shaft 68 to 
spin semiconductor ball 52 in either direction on axis X. 
As semiconductor ball 52 rotates on its axis X, the light 

25 has a continuous focal exposure completely around the 
circumference of the sphere defined by line 74. 
[00019] Turning to FIG. 3, further detail of mask 
pattern generator 56 is shown with exposure contour 80 
defining the active surface area of the mask pattern 

30 generator. Elements having the same reference number as 
used in FIG. 2 have a similar function. Exposure contour 
80 can be one mirror or transmitting pixel in width, or 
many mirrors or pixels in width. Each mirror is about 



-9- 



17.0 microns square. In the present example, exposure 
contour 80 has length L 80 = 10.0 mm and width W 80 = 2.0 mm. 
Exposure contour 80 is projected through lens 62 onto the 
surface of semiconductor ball 52 as exposure contour 82 
5 having length L 82 . 

[00020] Computer 58 configures mask pattern controller 
60 with a portion of the overall mask pattern image 
corresponding to exposure contour 80. The mask pattern 
images include patterns of the desired devices to be 

10 formed and disposed on the surface of semiconductor ball 
52. Assume the overall mask pattern image is a 
rectangular area having a length L 8 o and a width much 
greater than W 80 . Computer 58 configures mask pattern 
controller 60 to scroll the overall mask pattern image 

15 across exposure contour 80. In another perspective, 

exposure contour 80 scans across the mask pattern image. 
[00021] At time tl, a first mirror or pixel row of 
length L 80 of exposure contour 80 is programmed with a 
first row of the mask pattern image. A second mirror or 

20 pixel row of length L 80 of exposure contour 80 is 

programmed with a second row of the mask pattern image, > 
and a third mirror or pixel row of length L 80 of exposure 
contour 80 is programmed with a third row of the mask 
pattern image. The first, second, and third mirror or 

25 pixel rows of exposure contour 80 are projected through 
lens 62 onto the surface of semiconductor ball 52. At 
time t2, the third mirror or pixel row of exposure 
contour 80 is programmed with a fourth row of the mask 
pattern image. The third row of the mask pattern 

30 generator is shifted to the second mirror or pixel row of 
exposure contour 80, and the second row of the mask 
pattern generator is shifted to the first mirror or pixel 
row of exposure contour 80. The first, second, and third 
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mirror or pixel rows of exposure contour 80 are projected 
through lens 62 onto the surface of semiconductor ball 
52. At time t3, the third mirror or pixel row of 
exposure contour 80 is programmed with a fifth row of the 
5 mask pattern image. The fourth row of the mask pattern 
generator is shifted to the second mirror or pixel row of 
exposure contour 80, and the third row of the mask 
pattern generator is shifted to the first mirror or pixel 
row of exposure contour 80. The first, second, and third 

10 mirror or pixel rows of exposure contour 80 are projected 
through lens 62 onto the surface of semiconductor ball 
52. The process continues across the mask pattern image 
as it undergoes temporal changes while scrolling across 
exposure contour 80 to collectively represent an image. 

15 [00022] Computer 58 synchronizes the rotation of shaft 
68 and semiconductor ball 52 in relation to, and to 
coincide with, the shifting mask pattern of exposure 
contour 80 projected as exposure contour 82 on the 
sphere. The mask pattern image is projected onto the 

20 moving surface of semiconductor ball 52 and plays as a 

continuous real-time video projection of the mask pattern 
on the surface of the sphere. The length of exposure 
contour 80 and focal properties of lens 62 are selected 
such that the length L Q2 of exposure contour 82 provides a 

25 sharp and clear continuous projection of the mask pattern 
on the curved surface of semiconductor ball 52 without 
any appreciable distortion or degradation of the image, 
or at least acceptable distortion depending on the 
application, on the curved surface. A mask pattern image 

30 can be projected around the entire circumference of 
semiconductor ball 52, shown as surface area 84, to 
circumscribe the sphere without realignment and without 
any appreciable distortion or degradation of the image 
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over the designated curved surface. The extended 
projection area is beneficial when forming long devices 
such as inductors. 

[00023] The length L 8 2 depends in part on the required 
5 resolution and allowable distortion in the mask pattern. 
The mask pattern can be arranged so that high precision 
devices are located near the center of exposure contour 
82 and low precision devices are positioned nearer the 
outer boundary of surface area 84. 

10 [00024] To cover other surface areas, semiconductor 
ball 52 is rotated with respect to shaft 68 and the 
projection process is repeated. For example, as shown in 
FIG. 4a, surface area 84 is exposed around the 
circumference of semiconductor ball 52 during a first 

15 exposure. Semiconductor ball 52 is rotated 90 degrees 
with respect to shaft 68 and realigned. The projection 
process is repeated to expose surface area 86 although a 
portion of the mask pattern is blanked so as to not 
overlap exposed area 84. FIG. 4b shows the same concept 

20 with four non-overlapping exposure areas 90, 91, 92, and 
93. For each exposure area, semiconductor ball 52 is 
rotated 45 degrees and realigned for the exposure 
process. The narrower the exposure area, the higher 
resolution the mask pattern and higher precision devices 

25 that can be formed. However, more exposure areas 

involved more manufacturing steps to completely cover the 
semiconductor ball. 

[00025] One advantage of the continuous shifting 
projection of the mask pattern is that if a mirror or 
30 pixel of mask pattern generator 56 is defective, the 

adjacent mirrors or pixels in the same column of exposure 
contour 80 will cover or help fill in the missing 
portions of the pattern as the respective row of the mask 
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pattern image shifts to the adjacent row of exposure 
contour 80. 

[00026] Another advantage of the exposure process 
described herein is related to the intensity of the light 
5 incident to the surface of semiconductor ball 52. As 
described in the Background of the Invention, for a 
curved surface, the light intensity decreases, as the 
angle of incident becomes less than 90 degrees. In the 
etching process, the photoresist will polymerize at a 

10 rate determined by the intensity of the light exposure. 
Thus, a uniform intensity exposure is desirable. 
[00027] By rotating semiconductor ball 52 under the 
light source, the light intensity is uniform at least 
around the circumference of the sphere for each relative 

15 distance from centerline 94 of exposure area 96 shown in 
FIG. 5a. However, due to the spherical shape of 
semiconductor ball 52, there is still some difference in 
light intensity incident to the surface moving across 
exposure area 96. The light intensity decreases as it 

20 moves away from centerline 94. To compensate for the 

decrease in light intensity moving away from centerline 
94, exposure contour 97 is made progressively wider 
moving toward its edge as shown in FIG. 5a. The 
additional width of exposure contour 97 moving away from 

25 centerline 94 provides a longer exposure time for those 
areas receiving a lower light intensity. The varying 
width of exposure contour 97 is determined by integrating 
the decrease in light intensity. The closer to the edge 
of exposure contour 97 and the lower the light intensity, 

30 the longer exposure time. The net effect is a 

substantially uniform light intensity across the width of 
exposure area 96 and around the circumference of the 
sphere. 
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[00028] Another problem noted in the Background of. the 
Invention is the tendency of the image to blur and become 
distorted moving away from centerline 94 as shown in FIG. 
5b. To compensate for the distortion, the exposure 
5 contour 97 is curved across exposure area 98 in 
opposition to the curvature of the surface of 
semiconductor ball 52 as shown in FIG. 5b. By this 
compensation, the entire length of the exposure contour 
has the same focal point. 
10 [00029] Further detail of exposure contour 97 is shown 
in FIGs. 6a and 6b. The shape of exposure contour 97 is 
selected such that all positions along line of focus 95 
have the same quantity of light 99. 

[00030] An alternate embodiment of the semiconductor 

15 manufacturing station is shown in FIG. 7. Semiconductor 
manufacturing station 100 includes a light source 102 for 
generating a light. The light from light source 102 is 
focused by lens 106 and projected onto mask pattern 
generator 108. Computer 110 stores the desired mask 

20 pattern or image that is to be exposed on semiconductor 
ball 112. Mask pattern generator 108 receives control 
signals on conductors 114 from computer 110 to program 
the mask pattern. The active area of mask pattern 
generator 108 is an exposure contour (not shown) similar 

25 to exposure contour 80 in FIG. 3. The light image from 
mask pattern generator 108 is reflected by mirror 118 and 
passes through stop ring 120. Stop ring 120 is a 
diaphragm for controlling focal depth. Lens 122 then 
focuses the light image on exposure contour 124 on the 

30 surface of semiconductor ball 112. 

[00031] Semiconductor ball 112 is attached to shaft or 
armature 126 by a suction cup or other attachment 
mechanism. Shaft 126 is connected to rotational motor 
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128. Computer 110 provides control signals to rotational 
motor 128 that generates rotational torque along shaft 
126 to spin semiconductor ball 112 in either direction on 
axis X. As semiconductor ball 112 rotates on its axis X, 
5 the light has a continuous focal exposure completely 
around the circumference of the sphere defined by lines 
130. 

[00032] Computer 110 controls mask pattern generator 
108 to scroll the overall mask pattern across the active 

10 exposure contour area as described above. The mask 
pattern is projected on exposure contour 124 of the 
surface of semiconductor ball 112. The mask pattern 
generator provides a pattern of light, which undergoes 
temporal changes to collectively represent an image. 

15 Computer 110 synchronizes the rotation of shaft 126 and 
semiconductor ball 112 in relation to, and to coincide 
with, the shifting mask pattern projected as exposure 
contour 124 on the sphere. The mask pattern image is 
projected onto the moving surface of semiconductor ball 

20 112 which plays as a continuous real-time video 

projection of the mask pattern on the surface of the 
sphere. The length of the active exposure contour of 
mask pattern generator 108 and focal properties of lens 
122 are selected such that the length L i2 4 of exposure 

25 contour 124 provides a sharp and clear continuous 

projection of the mask pattern on the curved surface of 
semiconductor ball 112 without any appreciable distortion 
or degradation of the image on the curved surface. A 
mask pattern image can be projected around the entire 

30 circumference of semiconductor ball 112, shown as surface 
area 132, without realignment of the sphere and without 
any appreciable distortion or degradation of the image 
over entire curved surface. 
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[00033] The mask pattern image across exposure contour 
124 is also reflected back through lens 122, stop ring 
120, mirror 118, and lens 140 to imaging receiver 138, 
also known as a charge coupled device (CCD) . Imaging 
5 receiver 138 converts the reflect image of exposure 
contour 124 to electrical signals. The electrical 
signals are sent to imaging monitor 140 for display and 
further to computer 110 for processing. Imaging receiver 
138 and imaging monitor 140 are utilized in an alignment 
10 process as described in copending U.S. Patent Application 
entitled "System and Method for Detecting and Position 
Deviations of an Object having a Curved Surface", 
Attorney Docket No. 981009.90031. 

[00034] In summary, a semiconductor manufacturing 

15 station exposes light on a surface area of a spherical 
semiconductor device. A mask pattern generator provides 
a pattern of light, which undergoes temporal changes to 
collectively represent an image. The mask pattern 
generator has an active exposure contour, which provides 

20 a portion of the overall image. The pattern of light, is 
directed though a lens to the surface area of the 'J'-^yzz. 
semiconductor device. The semiconductor device rotates 
in relation to the temporal changes in the pattern of 
light to expose the pattern of light over a portion of a 

25 surface area of the semiconductor device. A computer 
synchronizes the rotation of the shaft and the 
semiconductor device in relation to, and to coincide 
with, the shifting mask pattern of the active exposure 
contour projected on the sphere. A mask pattern image : 

30 can be projected around the entire circumference of the 
semiconductor device to circumscribe the sphere without 
realignment and without any appreciable distortion or 
degradation of the image over entire curved surface. 
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[00035] Although the present invention has been 
described with respect to preferred embodiments, any 
person skilled in the art will recognize that changes may 
be that changes be made in form and detail, and 
5 equivalents may be substituted for elements of the 

invention without departing from the spirit and scope of 
the invention. Many modifications may be made to adapt 
to a particular situation or material to the teaching of 
the invention without departing from the essential scope 
10 of the invention. Therefore, it is intended that the 
invention not be limited to the particular embodiments 
disclosed for carrying out this invention, but that the 
invention will include all embodiments falling within the 
scope of the appended claims. 

. 15 
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